The photoluminescence decay characteristics of silicon nanocrystals in dense ensembles fabricated by ion implantation into silicon dioxide are observed to vary in proportion to the calculated local density of optical states. A comparison of the experimental 1 / e photoluminescence decay rates to the expected spontaneous emission rate modification yields values for the internal quantum efficiency and the intrinsic radiative decay rate of silicon nanocrystals. A photoluminescence quantum efficiency as high as 59% ± 9% is found for nanocrystals emitting at 750 nm at low excitation power. A power dependent nonradiative decay mechanism reduces the quantum efficiency at high pump intensity. DOI: 10.1103/PhysRevB.73.132302 PACS number͑s͒: 78.67.Bf, 78.55.Ϫm Since Canham's first report of bright, room-temperature luminescence from porous silicon, 1 nanostructured silicon has been regarded as a promising materials system for silicon-based optoelectronic technologies.
Since Canham's first report of bright, room-temperature luminescence from porous silicon, 1 nanostructured silicon has been regarded as a promising materials system for silicon-based optoelectronic technologies. 2 It is now widely accepted that near infrared photoluminescence in silicon nanocrystals originates from the band-to-band recombination of quantum confined excitons. 3 This emission is much more efficient than the corresponding process in bulk silicon because the luminescing nanocrystals are substantially free of impurities and lattice defects that can lead to nonradiative recombination. Quantum confinement in nanocrystals additionally offers the advantages of a size-tunable electronic band gap and an improved oscillator strength for radiative recombination. Despite technological challenges in electrically pumping quantum dots, there is optimism that silicon nanocrystals may someday be part of a device technology for light emission that competes favorably with III-V semiconductors. This optimism is buoyed by ever increasing economies of scale for silicon processing and reports of high quantum efficiency in single nanocrystals. 4, 5 However, quantitative values for the radiative quantum efficiency of silicon nanocrystals in dense, devicelike ensembles have not been reported to date.
In this report we present measurements of the internal quantum efficiency of silicon nanocrystals similar to those employed in electroluminescent devices. 6 The basis of the experiment is the modification of the spontaneous emission rate of a dipole emitter in proportion to the local density of optical states ͑LDOS͒. [7] [8] [9] [10] [11] In contrast to commonly used methods that measure the ratio of output power to input power, this technique does not require the use of a reference sample or the estimation of excitation or collection efficiency. A similar approach has previously been applied to silicon nanocrystal ensembles in close proximity to Ag films. 12 Our samples consist of identical ensembles of silicon nanocrystals embedded in oxide layers of differing thickness on a silicon substrate. The photoluminescence ͑PL͒ decay rate of the nanocrystals varies with the changing LDOS as the separation distance between the ensemble and the silicon substrate is altered. The quantum efficiency and the decay rates are found by comparing the magnitude of the decay rate modification to a calculation of the LDOS. This approach allows rates to be independently determined for both the radiative and the nonradiative decay components. We also identify a power-dependent component of the measured nanocrystal decay rate, which is indicative of complex photocarrier dynamics and interactions among nanocrystals under intense excitation.
Two samples were prepared via computer controlled immersion of a SiO 2 layer into a buffered HF solution ͑see Fig.  1 inset͒. Sample A was fabricated from an initially 1 m thick SiO 2 layer grown by wet thermal oxidation at an etch rate of 1 nm/ s ͑1:4 48% HF : H 2 O͒, while sample B was etched at a rate of 0.25 nm/ s ͑1:20 48% HF : H 2 O͒ from an initially 105 nm thick oxide grown by dry oxidation. The resulting thickness profiles were measured using spatially resolved spectral ellipsometry ͑shown for sample A in Fig. 1͒ . Both samples were implanted with 28 Si + ions at 5 keV to a fluence of 1.2ϫ 10 16 ions/ cm 2 . The resulting silicon depth profile, as obtained by a Monte-Carlo simulation using SRIM, 13 peaks at a depth of 10 nm with a predicted 20 at. % excess Si concentration and 3 nm full width at half maximum. The two samples were annealed simultaneously in a tube furnace ͑1100°C; 10 min; 2000 ppm O 2 :Ar͒ in order to precipitate nanocrystals from the supersaturated solution. This process was followed by a second annealing step to passivate surface defects ͑450°C; 30 min; 10% H 2 :N 2 ͒. This procedure forms 0.4-3.0ϫ 10 13 nanocrystals/ cm 2 in an approximate monolayer near the peak of the implantation profile, with typical diameter 2 -3 nm. 14 Silicon nanocrystal PL was measured at different positions along the sample at room temperature. The 488 nm line of an Ar + ion laser, focused to a 300 m diameter spot, was used to excite the nanocrystals at normal incidence. PL spectra were collected using a spectrograph equipped with a charge coupled device ͑CCD͒ array detector. A representative PL spectrum measured for nanocrystals embedded in a 105 nm thick oxide layer ͑sample B͒ shows broad nearinfrared emission ͑Fig. 1; inset͒, typical of silicon nanocrystal ensembles. A thermoelectrically cooled photomultiplier tube with photon counting electronics was used to collect time resolved data using an acousto-optic modulator to modulate the pump beam. Under high excitation power ͑1 W/mm 2 ͒, sufficient statistics were collected after a few minutes of signal integration. At low excitation power ͑0.01-0.1 W / mm 2 ͒, it was necessary to collect data for 1 h at each oxide thickness.
The decay of Si nanocrystals in a dense ensemble is commonly described by a stretched exponential or Kohlrausch decay of the form I͑t͒ = I 0 exp͕−͑⌫ K t͒ ␤ ͖, where ⌫ K is the ensemble average 1 / e PL decay rate. 15 The value of ␤ is typically near 0.7 for dense ensembles, while near singleexponential behavior ͑␤ = 1.0͒ is found in low-density ensembles. 16, 17 All our data are well fit using a fixed value of ␤ = 0.7. This suggests that energy transfer between neighboring nanocrystals contributes significantly to the observed decay rate in dense ensembles. Laplace transformation of the stretched exponential function with ␤ = 0.7 results in an underlying distribution of single exponential emitters that peaks at a decay rate of 0.435⌫ K . Unfortunately, the precise nature of the energy transfer process is still unknown and complicates the interpretation of ⌫ K as a measure of single exponential decay processes in the ensemble.
A model 18 that assumes that an excited nanocrystal acts as a donor and transfers its energy to neighboring acceptor nanocrystals can be used to describe the Kohlrausch decay. This model takes the statistical average of the decay rate of the donors, using a distance dependent energy transfer rate ͑r͒. Assuming a uniform distribution of acceptors, the single exponential decay rate ⌫ 0 for an isolated donor can be calculated, yielding ⌫ 0 = 0.357⌫ K for dipole-dipole transfer ͓͑r͒ ϰ 1/r 6 ͔ between nanocrystals and ⌫ 0 = 0.314⌫ K when a tunneling mechanism is assumed ͓͑r͒ ϰ exp͕−␣r͖͔. A change in ⌫ 0 shifts the distribution in such a way that ⌫ K is always proportional to the intrinsic single exponential decay rate ⌫ 0 . Consequently the relative change in ⌫ K is equal to the relative change in ⌫ 0 , regardless of the transfer mechanism.
Figures 2 and 3͑a͒ show ⌫ K measured at 750± 5 nm for high and low pump powers, respectively. Both data sets show periodic variation in the decay rate as function of the oxide layer thickness. At high pump power ͑Fig. 2, symbols͒, the dominant variations match the periodicity expected for the interference pattern of the normal incidence 488 nm pump beam inside the oxide film ͑index of refraction n = 1.48͒. The solid line through the data is obtained by adding a decay component, that is proportional to the calculated local pump intensity inside the SiO 2 film, to the low power data from Fig. 3͑a͒ . This interference pattern confirms the oxide thicknesses measured by spectral ellipsometry and the best-fit phase shift ͑9±3 nm͒ provides a verification of the assumed nanocrystal implantation depth.
It is apparent that ⌫ K depends on the pump intensity. The inset of Fig. 2 shows the residual power dependent decay component as function of the measured count rate ͑a measure of the local pump power͒. The origins of this additional decay component are not well understood. An earlier report of pump power dependent PL decay rate in sparse Si nanocrystal ensembles proposed a model of biexciton formation followed by Auger recombination. 17 We speculate that internanocrystal nonradiative decay processes may also be important in dense ensembles. 19 Photoionization associated with PL intermittence ͑"blinking"͒ may also contribute. 20 At low excitation powers the decay rate is almost independent of pump power and a variation that depends on emission wavelength dominates. The interference pattern of the 488 nm pump beam makes constant-power illumination an experimentally inefficient approach to maintaining low power excitation conditions. Instead, a feedback system was implemented on the pump laser intensity to maintain a roughly constant detection rate below 0.25 peak counts/ s. The measured variation in the decay rate ⌫ is well described by 
͑1͒
where ͑ , z͒ is the LDOS at the position z of the nanocrystal ensemble, and is the emission frequency. Equation ͑1͒ holds for both the measured Kohlrausch decay rate ⌫ K as well the intrinsic single-exponential decay rate ⌫ 0 because the relative change in ⌫ K is equal to the relative change in ⌫ 0 . The non-radiative decay rate ⌫ nonrad is thought to depend primarily on the passivation quality at the nanocrystal-tooxide interface, independent of oxide thickness. This microscopic interfacial environment could vary from sample to sample ͑e.g., with changes in oxide quality or fabrication process͒ leading to differences in the intrinsic radiative rate and/or quantum efficiency.
To calculate the LDOS ͑ , z͒ that describes the position dependent spontaneous emission rate we employ Fermi's Golden Rule to describe the coupling between the nanocrystal and the radiation field. 7, 10, 21 We use ͉i͘ = ͉b͘ ͉E i ͘ and ͉f͘ = ͉a͘ ͉E f ͘ with energies ប i,f as the initial and final states of the combined nanocrystal-radiation system of a nanocrystal with an excited state ͉b͘ and ground state ͉a͘. For the energy range of interest, the nanocrystal emission originates from recombination of quantum confined excitons in the dipole allowed singlet state. 3, 22 We therefore apply the electrical dipole approximation interaction Hamiltonian given by Ĥ int =− · Ê ͑r ជ͒ where is the dipole operator and Ê ͑r ជ͒ is the electrical field operator at the position of the nanocrystal. The decay rate can then be written as
where D ab 2 = 2 ប 2 ͉͗a͉ ͉b͉͘ 2 is the oscillator strength for the transition. The quantity ͑ , r ជ͒ is the radiative LDOS and is calculated by quantizing the radiation field according to
where a j † is the creation operator of the mode ͉ j ͑r ជ͒͘. 10, 21 The calculation of ͑ , r ជ͒ sums a complete set of normalized plane waves at a single frequency for each polarization. The radiative mode functions j ͑r ជ͒ contain both a propagating plane wave and a standing wave component dictated by the Fresnel coefficients of the two interfaces and the SiO 2 film thickness. Guided modes are absent in our case as the refractive index of the SiO 2 layer is lower than that of the Si substrate.
We use an isotropic combination of dipole orientations to calculate the LDOS at a constant distance of 10 nm from the SiO 2 -to-air interface corresponding to the position of the nanocrystals. This is justified as the PL is unpolarized and both the luminescence and measured decay are independent of the pump beam polarization. The result of this calculation is shown in Fig. 3͑a͒ for different values of the internal quantum efficiency QE= ⌫ rad / ͑⌫ rad + ⌫ nonrad ͒. The curves resemble those of earlier work with atoms close to a metal mirror. 23 This is not surprising as the substrate reflects light efficiently at nanocrystal emission wavelengths. In our calculation we have neglected the effects of absorption and homogeneous broadening. A classical calculation of the loss rate of a dipole antenna 7 that includes absorption differs from the above analysis by less than 2% at distances Ͻ10 nm from the Si while perfect agreement is found at larger distances. Homogeneous broadening can be accounted for by averaging the calculated LDOS over a range of transition frequencies. This leads to a stronger damping of the modulation amplitude in the calculated emission rate as function FIG. 3 . ͑a͒ The Kohlrausch 1 / e decay rate of silicon nanocrystals at 750 nm varies with oxide thickness in good agreement with a calculation of the local density of optical states. The ensemble radiative decay rate ͑9.4± 1.3 kHz͒ and quantum efficiencies for two samples are determined by a least squares fit to the linearized data ͑inset͒. ͑b͒ Measured total decay rate as function of LDOS at different wavelengths. ͑c͒ Quantum efficiency as function of wavelength suggesting that there is an optimal wavelength ͑nanocrystal size͒ for PL quantum efficiency.
of oxide thickness. For oxide thinner than one micron and a typical linewidth of order 100 meV at room temperature 4, 24 the effect was found to be negligibly small.
The grey lines through the data in Fig. 3͑a͒ correspond to a best fit of Eq. ͑1͒ using the LDOS calculated as a function of the total oxide thickness. The best fit assumes a common vacuum ͑LDOS= 1.0͒ radiative emission rate ⌫ rad of 9.4± 1.3 kHz corresponding to quantum efficiencies of 59% ± 9% and 50% ± 8% for samples A and B, respectively. 25 To clearly show the linearity of the LDOS dependence, the data are also plotted against a linearized ordinate axis ͓inset of Fig. 3͑a͔͒ . We attribute the difference in quantum efficiency between samples A and B to sampleto-sample variation in the nonradiative decay rate. For comparison, the calculated total decay rates for quantum efficiency values of 40% and 100% are shown ͑black lines͒. The best fit radiative rate ⌫ rad implies an intrinsic radiative rate ⌫ 0 of 4.5± 0.6 kHz for an isolated Si nanocrystal emitting at 750 nm in an ͑n = 1.45͒ oxide matrix assuming that tunneling based energy transfer is responsible for the nonexponential decay. This value is in good agreement with total decay rate values reported ͑6.5 kHz͒ for sparse nanocrystal ensembles of unknown quantum efficiency. 17 The experiment can be repeated at other wavelengths to measure variation in both the intrinsic spontaneous emission rate and the quantum efficiency with nanocrystal size. However, the measured signal level decreases substantially away from 750 nm due to decreasing detector sensitivity and nanocrystal PL yield. Doubling the integration time to 2 h enabled measurements of the total decay rate over a limited range of LDOS values at other wavelengths. These data are plotted in Fig. 3͑b͒ . In order to determine quantum efficiency values from these measurements we assume that the intrinsic radiative rate of silicon nanocrystals varies according to an effective mass model appropriate to the size regime of the nanocrystals in this experiment. 26 This allows us to scale ⌫ rad as measured at 750 nm to other wavelengths while determining the corresponding ⌫ nonrad experimentally. The results of this calculation are shown in Fig. 3͑c͒ , suggesting the existence of an optimum in PL quantum efficiency for nanocrystals that emit near 800 nm. 27 Note that the quantum efficiency values presented in this report pertain only to the optically active fraction of nanocrystals in the ensemble that contribute to the photoluminescence signal. The reported values should not be interpreted as an upper bound of what may be achievable in silicon nanocrystals. It is likely that improved fabrication methods will lead to even higher internal quantum efficiencies.
